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ABSTRACT: Dissimilar joining of copper (C10300) to AISI–304 Stainless Steel (SS) sheets 
was performed using Electron Beam Welding (EBW) process. EBW was performed for two 
weld conditions such as with beam oscillation and without beam oscillation. X-ray Computed 
Tomography (XCT) technique was used for three-Dimensional (3D) visualization and 
quantification of porosity in the weld region. It was observed that the application of beam 
oscillation resulted in less porosity and the average pore size was found to be smaller as 
compared to without beam oscillation condition. Also, pores were found to be uniformly 
distributed in the weld incase of with beam oscillation as compared to without beam 
osicllaition condition. Further, it was observed that there exists an optimum beam oscillation 
diameter beyond which there is no positive effect of beam oscillation in controlling the 
porosity formation in the weld joint.  
KEYWORDS: Electron beam welding; Beam oscillation; Stainless steel; Copper; X-ray 
computed tomography; Porosity 
================================================================== 
1. INTRODU TION 
The ability to manufacture a product using dissimilar metals/alloys by welding greatly 
increases the flexibility in design and production of components for engineering applications. 
Copper–SS dissimilar joint is one such joint which finds applications in the field of power 
generation industries, heat transfer components, nuclear sector, and cryogenic sector. This 
type of dissimilar joint is designed to provide excellent thermal and electrical conduction 
imparted by copper and strength, wear and corrosion resistance imparted by SS. However, 
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fusion welding of copper to steel is difficult owing to their large differences in physical, 
chemical and thermo-mechanical properties [1,2]. For instance, thermal conductivity of 
copper is much higher than that of steel, which causes difficulties in reaching its melting 
temperature. Besides, Cu and Fe have limited solid solubility in each other, and they undergo 
phase separation during solidification. These two metals also have large differences in their 
melting temperatures and coefficient of thermal expansion.  
Copper–SS joints have been produced by using various solid state or fusion welding 
processes. Solid state welding processes like diffusion welding, friction stir welding (FSW), 
and explosive welding have been extensively used [3-8]. In diffusion welding of copper–SS, 
the interlayer material, applied temperature, and pressure, etc. have been found to influence 
weld quality. Sabetghadam et al. [5] studied diffusion welding of copper to 410SS and 
reported that for nickel interlayer, increase in the bonding temperature increases the 
formation of micro voids in the bonding zone. Xiong et al. [6] reported that compared to pure 
tin, bronze or gold, use of tin-bronze-gold composite interlayer, allowed the use of 
comparatively lower bonding temperature, increased grain boundary wetting and tensile 
strength. Imani et al. [7] for FSW of copper–SS joints reported that off-setting of the pin 
toward copper side by 30% produced defect free welds with better tensile strength. Shanjeevi 
et al. 2016 [8] reported that friction pressure is the most significant process parameter of 
FSW followed by pin rotational speed affecting the resultant microstructure and tensile 
properties of copper–SS joints. For fusion welding of copper–SS, different arc welding 
processes and high energy density Laser Beam Welding (LBW) or Electron Beam Welding 
(EBW) processes have been used. In conventional arc welding, it is reported that selection of 
proper filler played a crucial role on weld quality in terms of welding defects such as 
porosity, microcracks, lack of fusion, shrinkage, etc. [9-12]. Yao et al. [13] and Chen et al. 
[14] used an off-set laser beam towards SS side for producing copper–SS joints and reported 
that by varying the off-set distance, copper melting in the fusion zone could be controlled. It 
has been reported that small amount of copper melting was beneficial in reducing defects, 
while presence of large amount of copper resulted inhomogeneity in composition, enhanced 
residual stresses, which produced severe microcracks with inferior mechanical properties of 
the joints [13-15]. The same observation has also been reported from EBW [16-20]. 
Magnabosco et al. [21] for EB welded copper–SS joints reported that with increase in plate 
thickness (30 to 70mm), defects like microcracks and porosities and heterogeneity in 
microstructure increased.  
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It is evident from literature review that both in solid state welding and arc welding of 
copper–SS, use of appropriate interlayer/filler metal is likely to produce better quality joints 
possibly by limiting the formation of deleterious intermetallics formation in the weld joint. 
From the study of high energy density welding, it was evident that amount of copper melting 
was important because an optimum amount of copper only produced a sound joint. In case of 
copper-steel welding, copper melting was reported to be controlled by off-setting the beam on 
the steel side [13,14,19-21]. 
Copper contains dissolved gases and during solidification it produces porosities; the 
amount, size and distribution of which depends on copper distribution in the fusion zone. 
Besides, large difference in thermal conductivity and thermal expansion coefficient between 
copper and iron also generates strains and cracks and the severity of which might depend on 
copper distribution. In addition to beam off-setting, beam oscillation is also an important tool 
to achieve optimum melting of copper in case of high energy density welding. In addition 
beam oscillation by virtue of its churning action, can also mix the copper more uniformly in 
the weld zone. Some literature has also provided information regarding the use of beam 
oscillation in electron beam welding of dissimilar metal and alloys. Wang et al. [22] for 
SiCp/101Al composite joints and Dinda et al. [23] for steel to Fe–Al alloy dissimilar joints 
reported that the oscillating beam joints contained much lower porosity in the fusion zone 
than that produced by their non-oscillating beam counterparts. Kraetzsch et al. [24] reported 
that crack free joints of copper–aluminium dissimilar metals could be produced under a 
properly optimized oscillating laser beam. Fu et al. [25] performed EBW of 
Ti6.5Al2Zr1Mo1V alloy and reported that beam oscillation improved weld morphology, 
reduced porosity content with improved fatigue life of the joint equivalent to that of the base 
alloy. Wang et al. [26] studied the effect of various beam oscillation patterns such as 
transverse, longitudinal and circular in dissimilar joining of AA6061–T6 aluminium alloys 
and reported that the application of circular beam oscillation pattern was effective in reducing 
defects and producing smooth weld surface with fine equiaxed grain structure compared to 
other oscillation patterns. 
Understanding the effect of beam oscillation on porosity formation in dissimilar joints 
is essential in understanding the weld quality and to improve the mechanical properties of the 
welds. X-ray Computed Tomography (XCT) technique is a powerful technique for 3D 
visualization and quantification of defects in the weld joints [27-29]. Furthermore, unlike the 
conventional defect analysis techniques such as X-ray radiography, ultrasonic test or dye 
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penetrant test, XCT enables to visualize micro pores and their location in three dimensional 
space in the weld joint. Further, it was observed that there were hardly any published reports 
on the defect analysis of copper–SS joints produced by EBW using XCT technique. This 
forms the scope of the present work and the objective is to characterize porosity formation 
using XCT analysis in electron beam butt welded copper–SS joints produced by with and 
without beam oscillation.  
2. EXPERIMENTAL PROCEDURES 
2.1. Materials 
AISI–304 SS and extra low phosphorous copper (C10300) sheets having thickness of 
3mm were used as base metals for this study. Table–1 provides the chemical composition of 
both base metals obtained using X-ray fluorescence spectroscopy (Bruker® model: S8 
TIGER). For joining, coupons having dimensions 150×80×3mm3(welding length × breadth × 
thickness) were cut from the obtained metal sheets, where welding length was transverse to 
the rolling direction. The joining side face of each coupon was then machined followed by 
mechanical polishing on 240grit emery paper. Surface polishing was necessary as rough 
surface helps confinement of gas pockets between the two joining plates, which later leads to 
porosity in the joint [30,31]. Prior to joining, the coupons were first degreased followed by 
thorough cleaning with acetone. 
Table–1: Chemical composition of 304 SS and copper (C10300) in weight percentage 
AISI–
304SS 
Cr Ni Mn Mo Co Si C Al P Fe 
18.06 8.06 1.802 0.15 0.16 0.36 0.043 0.06 0.042 Rest 
Copper 
C10300 
Cu Pb P Fe H O Ni Total impurities 
99.97 0.0001 0.003 0.001 0.008 0.003 0.003 0.03 % Max. 
2.2. Welding Procedure 
The prepared coupons were subsequently butt welded in an 80kV, 12kW EBW 
machine (Fig. 1) at Indian Institute of Technology Kharagpur, India which was indigenously 
designed and fabricated by the Bhabha Atomic Research Center, India. In this study, total 
three joints were prepared, out of which, joint–1 was made with a non-oscillating beam, 
while joint–2 and 3 were made with an oscillating beam having oscillation frequency of 
600Hz and oscillation diameters of 1 and 2mm, respectively. Since copper conducts heat 
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faster, prolonged dwelling of beam on copper side favors dissipation of more heat by 
conduction. As beam voltage (60kV) and welding velocity (1000mm/min) were maintained 
constant, the heat requirement was compensated by increasing the beam current and 
accordingly, 65mA, 73mA, and 80mA of beam currents were used for joint–1, joint–2, and 
joint–3, respectively. 
 
Fig. 1: 80 kV, 12 kW Electron Beam Welding (EBW) machine at IIT Kharagpur 
2.3. Characterization Technique 
After preparation, the joints were first inspected visually followed by X-ray 
radiography for quality check and all were found to pass the test. Figure 2 shows the X-ray 
radiographic images of three dissimilar copper–SS joints.  
 
Fig. 2: X-ray radiographic images of the three prepared copper–SS joints 
For 3D observation of defects, the welded specimens were examined under an XCT 
machine (GE-Phoenix® model: V/TOME/XS). For such analysis, coupons having dimensions 
of 10×5×3 mm3 were cut in such a way so that the entire weldment region is covered. The 
parameter used for XCT scans is given in Table–2. Before XCT analysis, the samples were 
fine polished and thoroughly cleaned with acetone. For quantitative analysis such as for 
determination of size and number of pores, the XCT data were analyzed using the Phoenix-
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Datox® (model: VG-STUDIO-MAX 2.2) software package. It is to be noted that the XCT 
machine used for the present investigation has a limitation for voxel size up to 10µm only. 
During XCT scan, to reduce ring effect, ROI CT filter was used while for maintaining the 
histogram ratio between the material and background, an external filter (0.5mm Cu) was 
used. Beam Hardening Correction (BHC) filter was used for reducing the artefacts and noise 
in final data in order to obtain clear images. For solving the fixation problem (as sample may 
tilt/shift while rotating during scanning) ‘agc’ corrections were made for scan optimization.  
Table–2: XCT scanning parameters used in this study 
Voltage (kV) 110 Number of projections 1000 
Current (µA) 95 Optical magnification 19× 
Exposure (ms) 1000 Voxel size (µm) 10 
Filter (Cu) in mm 0.5  
3. RESULTS AND DISCUSSION 
  
 
Fig. 3: Macroscopic images showing weld beads (face side) for: (a) joint–1, (b) joint–2, and 
(c) joint–3 
Figure 3 represents the macroscopic images showing the weld bead surface for the 
three dissimilar copper–SS joints. As shown in Fig 3(a), it is well revealed that the 
appearance of weld bead surface in joint–1 produced with non-oscillating beam is found to be 
quite rough; while the weld bead surfaces of joint–2 and 3 produced using oscillating beam is 
quite smooth as shown in Fig 3(b) and Fig 3(c), respectively. Under non-oscillating beam 
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condition, spatter formation occurred when the welding speed is quite high. Oscillating beam 
produces an intense churning action in the weld pool which helps in producing a smooth and 
homogenous weld bead. This indicates that the application of beam oscillations could be used 
as an effective tool in reducing spatter formation in high energy density EBW processes. 
  
 
Fig. 4: Reconstructed 2D images along transverse section for: (a) joint–1, (b) joint–2, and (c) 
joint–3 
  
 
Fig. 5: Reconstructed 3D transparent images for: (a) joint–1, (b) joint–2, and (c) joint–3 
Figure 4 shows the two-dimensional (2D) XCT images obtained along the transverse 
sections of three prepared copper–SS joints. As shown in Fig. 4, the darker and lighter 
regions represent the SS and copper side of the joint, respectively. It is to be noted that the 
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presence of porosity was found to be higher either in the copper rich side or in the segregated 
regions of unmixed copper chunks that are present in the fusion zone. Figure 5 represents the 
reconstructed 3D transparent images showing porosity distribution across the fusion zone 
region. For better visualization, 3D reconstructed images of three joints along transverse and 
longitudinal sections are presented in Fig. 6 and Fig. 7, respectively. Similar to Fig. 4, in 
these figures also the left side is copper side while right side is the SS side. Careful 
observation of Fig. 6 and Fig. 7 confirms that the pores are individual and are not connected 
to each other. For each joint, the corresponding pore numbers were counted and it was 
observed thatjoint–3 prepared using oscillating beam with 2mm oscillation diameter 
contained highest number of pores (167nos) followed by joint–1 (115nos) prepared with non-
oscillating beam. The lowest number of pores (64nos) was found to be in joint–2 prepared 
using oscillating beam with lower oscillation diameter of 1mm.The average pore diameter for 
each joint has also been measured, and it was found that the joint–3 possessed coarser pores 
having largest pore with diameter of 201µm and smallest pore with diameter of 30µm 
followed by joint–1 (176µm and 16µm, respectively).Out of the three joints, joint–2 had 
shown the best results with largest and smallest pores having diameter of 121µm and 11µm, 
respectively.  
   
 
Fig. 6: Reconstructed 3D transparent images along transverse section for: (a) joint–1, (b) 
joint–2, and (c) joint–3 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 
 
9 
 
      
 
Fig. 7: Reconstructed 3D transparent images along longitudinal section for: (a) joint–1, (b) 
joint–2, and (c) joint–3 
The morphology of each pore was characterized using a sphericity calculation as 
given in equation–1 [23]. For such calculations, pores having diameter below 10µm were 
excluded to avoid uncertainty in estimating their actual surface area. 
3
1
3
236






=
P
P
A
Vpiψ
                                                                                               (1) 
Where,  is the sphericity of pore,  is the volume and  is the surface area of the 
corresponding pore for a condition, where =1 represents a perfect sphere. The calculated 
sphericity values as a function of pore size are shown in Fig. 8(a). The results shows that the 
majority of pores were close to spherical in shape as their sphericity values are above 0.50. It 
is also clear from Fig 8(a) that the smaller pores were having higher sphericity values than 
the larger pores. Figure 8(b) shows the 3D view of a single pore in the weld joint. As shown 
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in Fig. 8(b), the pore is found to be in spherical shape with an irregular outer surface. From 
the XCT results it has been observed that the surface irregularities increased with increase in 
pore size as also shown in Fig. 8(a).  
   
Fig. 8: (a) variation of sphericity with pore diameter, and (b) 3D morphology of a single 
individual pore in the joint–3 
 
Fig. 9: Bar Diagram Showing pore size and their corresponding frequency of occurrence for 
the three joints 
Fig. 9 depicts the frequency of occurrence for pores of different sizes for all three 
joints. It is seen that for all three joints irrespective of the welding conditions, majority of 
pores (40-50%) were in the size range of 50 to 100µm. However, some differences were 
observed in percentage of pores having diameter below 50µm and above 100µm for the three 
joints. It is observed that joint–3 contained minimum share (15%) of pores having a diameter 
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below 50µm followed by joint–2 (32%) while joint–1 had the maximum share of 41%. On 
the other hand, joint–2 contained minimum share of (11%) of pores having diameter above 
100µm followed by joint–1 (20%), while joint–3 had the maximum share of 30%. Figure 10 
shows the SEM image of joint–3 showing porosity in fusion zone. In all welded joints, 
irrespective of the welding conditions, majority of pores were observed either near the copper 
side or wherever copper chunks or globules were present in the fusion zone as shown in Fig. 
10.  
 
Fig. 10: FE-SEM (BSE) image showing porosities in the fusion zone of joint–3 
4. DISCUSSION 
In general, porosity formation in EBW dissimilar joints results from either (a) key-
hole instabilities in the fusion zone; or (b) from volatile elements such as Zn and Mg present 
in the base metal; or (c) due to dissolved gasses like H and O present in the base metal; or (d) 
due to formation of shrinkage cavities during solidification of the weld zone. In this study, 
keyhole instability can be ruled out as the welding was carried out with full penetration butt-
joint. Also, there was no presence of volatiles in the sample. Shrinkage cavities are unlikely 
to be spherical. Therefore, the only possible reason for the formation of porosity is due to 
nucleation of bubbles by dissolved gases on the heterogeneous sites in the welded joints. 
Since copper contains dissolved gases such as O and H; these gases could be the reason for 
formation of porosities in the joints. Moreover, it has also been clearly observed in Fig. 4 and 
Fig. 10 that the majority of pores were confined either near the copper rich side or wherever 
there are chunks of copper present in the fusion zone. 
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In case of joint–2 that is produced with beam oscillation with optimum oscillation 
diameter, pores and copper is more uniformly distributed in the weld; however, joint–3 that 
was also produced by beam oscillation but with larger oscillation diameter showed chunks of 
copper in the weld with larger and higher amount of pores. Thus, churning action of beam 
oscillation only becomes fruitful for an optimum and smaller oscillation diameter. It may be 
reasoned like this. With optimum oscillation diameter, beam dwelling on copper becomes 
marginal that melts smaller amount of copper. Such limited amount of copper is expected to 
go into iron solution completely and get distributed in the fusion zone by the intense churning 
action of weld track under beam oscillation. Subsequently, copper get separated during 
solidification in the form of well distributed fine droplets of copper. Since pores mostly 
appear in the copper because of dissolved gas in copper, beam oscillation resulted in 
entrapment well distributed finer pores in joint–2; But, in case of joint–3, produced with 
beam oscillation but with larger oscillation diameter, beam dwells on copper for larger 
amount of time and melts larger amount of copper. Such larger amount of copper might not 
dissolve in iron and may not utilize the churning action of beam oscillation for its distribution 
being dissolved in the major phase iron. This might result in segregated mass of copper in the 
form of chunks in the solidified weld track. Such improper distribution of copper leads to 
larger and more pores in the in joint–3. Another phenomenon that influences pore entrapment 
is repeated melting of the same spot that allows releasing gases during subsequent melting 
[29]. It has been hypothesized that high energy density EBW can be conceived as melting of 
numerous tiny weld pools in succession with significant overlapping between them. Such 
overlapping becomes more intense and complicated in case of beam oscillation [32-34]. Such 
intense overlapping of pools allows repeated melting of the same spot and may release gas 
pores resulting in less and uniformly distributed pores in weld joints as shown in joint–2. 
Although joint–3 was also produced by beam oscillation, the reduction in gases by repeated 
melting of the same spot was less than compensated by that due to segregated volume of gas 
in the copper chunks in the weld track. In case of joint–1, produced without beam oscillation, 
melt mixing was poor and spot overlapping and re-melting was also less intense that might 
lead to a large number of entrapped pores of different sizes. 
5. CONCLUSIONS 
o It was observed that the application of beam oscillation reduced the pore size and its 
content in the joint compared to that produced by their non-oscillating counterpart. It 
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was further observed that porosity size and amount increased with increase in 
oscillation diameter beyond an optimum diameter. Beam oscillation produces heat and 
mass mixing in the weld track by intense and complex overlapping of tiny weld pools 
formed in succession along its trajectory. Besides, repeated melting of the same spot 
due to complex spot overlapping between two successive weld pools also releases the 
entrapped gas. Therefore, beam oscillation reduces both size and amount of pores. 
However, beam with higher oscillation diameter melts larger amount of copper that 
may not dissolve in iron for subsequent mixing in the weld track. Thus copper 
remains as segregated mass with larger pores.  
o In all joints, it was observed that the fine pores were formed in steel matrix, while 
coarse and large pores were formed in copper matrix, which may be attributed to the 
fact that copper contained more dissolved gases than iron. 
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Figure Caption 
Fig. 1 80 kV, 12 kW Electron Beam Welding (EBW) machine at IIT Kharagpur 
Fig. 2 X-ray radiographic images of the three prepared copper–SS joints 
Fig. 3 Macroscopic images showing weld beads (face side) for: (a) joint–1, (b) 
joint–2, and (c) joint–3 
Fig. 4 Reconstructed 2D images along transverse section for: (a) joint–1, (b) joint–
2, and (c) joint–3 
Fig. 5 Reconstructed 3D transparent images for: (a) joint–1, (b) joint–2, and (c) 
joint–3 
Fig. 6 Reconstructed 3D transparent images along transverse section for: (a) joint–1, 
(b) joint–2, and (c) joint–3 
Fig. 7 Reconstructed 3D transparent images along longitudinal section for: (a) 
joint–1, (b) joint–2, and (c) joint–3 
Fig. 8 (a) variation of sphericity with pore diameter and (b) 3D morphology of a 
single individual pore in the joint–3 
Fig. 9 Bar Diagram Showing pore size and their corresponding frequency of 
occurrence for the three joints 
Fig. 10 FE-SEM (BSE) image showing porosities in the fusion zone of joint–3 
 
 
 
 
 
Table Caption 
Table–1 Chemical composition of 304 SS and copper (C10300) in weight percentage 
Table–2 XCT scanning parameters used in this study 
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The problem of porosity formation in similar and dissimilar metals/alloys joints, produced 
by high energy density heat source like laser and electron beam are well known. The effect of 
electron beam oscillation that produces a churning action in the liquid weld pool is supposed to 
homogenize the liquid and reduce the amount and size of entrapped gas bubbles, or porosity. The 
present article, for the first time an attempt has been made to study the effect of beam oscillation 
on porosity in copper - stainless steel (SS) dissimilar joints.  
The highlights of the present study are as follows: 
• Copper to 304SS sheets having a thickness of 3mm were successfully joined by electron 
beam welding process using both oscillating and non-oscillating beam. 
• The porosity content in the weld zone of the prepared joints are investigated by using X-
ray computed tomography (XCT) technique. 
• It has been found that under an oscillating beam with lower oscillation diameter, the size 
and number of pores in the weld zone decrease significantly. 
• Moderate copper melting and its mixing in the fusion zone under oscillating beam of 
lower oscillation diameter has resulted lower porosity formation. 
• The pore numbers were found to be higher for non-oscillating beam or oscillating beam 
with higher oscillation diameter. 
•  
